Objective: To study levels of C-reactive protein (CRP) and leukocytes, as inflammatory markers, in the context of cancer risk.
Introduction
C-reactive protein (CRP), a marker of acute-phase inflammatory response, has been suggested to be useful for early detection of cancer. A recent meta-analysis using 14 prospective studies of circulating CRP and any incident cancer, comprising 3,957 cancer cases, showed that a log unit increase in CRP was associated with a 1.1-unit increase in overall cancer risk (1) . Inflammation-associated oxidative damage could initiate carcinogenesis, which causes inactivating mutations in tumor suppressor genes or posttranslational modifications in proteins involved in DNA repair or apoptotic control. Tumor progression can also be facilitated by inflammatory cytokines, enzymes, and transcription factors inhibiting apoptosis and promoting the growth and proliferation of cancer cells (1) . However, it is also possible that the immune response of the host is a consequence of the tumor growth itself (2) . Nevertheless, the evidence for whether there is an association between CRP and cancer risk remains inconclusive, mainly due to a lack of largescale studies in which CRP is measured prospectively (3) . The largest prospective study today is based on a total of 10,408 individuals from the Danish general population, of whom 1,624 developed cancer. In this study, an increased risk of developing both overall cancer and lung cancer was associated with elevated levels of CRP in cancer-free individuals (4) .
Because CRP is an acute-phase protein, repeated measurements and other markers of inflammation could potentially be more informative in predicting cancer risk in the context of inflammation. To our knowledge no prospective study has yet conducted an analysis of more than 2 repeated measurements of CRP and only 1 study assessed CRP in parallel with leukocytes (5) . Infiltration of leukocytes is part of the inflammatory process associated with cancer (6), as it has been shown that lymphocytes naturally acquire the ability to recognize cancer cells; however, they cannot control cancer growth (7) . Moreover, congenital and acquired immunodeficiencies have been associated with cancer development, indicating that lymphocytes also have an active protective role in surveillance against cancer (8) . Leukocytes appear at sites of infection, chronic irritation, and inflammation at different times after tissue injury and they are involved both in the control of infection and in tissue remodeling (9, 10) . In a prospective cohort study including 143,748 women aged 50 to 79 years, a statistically significant positive association was found between leukocytes and bladder, colorectal, endometrial, and lung cancer risk when comparing the fourth quartile with the first quartile (11) . Another prospective cohort study including 4,831 subjects aged 43 to 86 years found a 2.8-fold increased risk for developing lung cancer when comparing the upper tertile with the lowest tertile of leukocyte counts (12) .
We examined possible associations between CRP, leukocytes, and cancer risk in a prospective cohort study of 102,749 persons in whom 6,913 were diagnosed with cancer. In a subgroup of 9,273 persons, we analyzed the association between CRP and leukocytes in 3 repeated measurements and cancer risk.
Methods

Study population and data collection
The Central Automation Laboratory (CALAB) database (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) includes laboratory measurements obtained from 351,487 men and 338,101 women, mainly from the greater Stockholm area (Sweden). All individuals were either healthy individuals referred for clinical laboratory testing as part of a general health checkup or outpatients referred for laboratory testing. No individuals were inpatients at the time their blood samples were taken and none were excluded because of disease symptoms or because of treatment. Apart from the information on blood testing, no personal data were included in the CALAB database (13) . This database was linked to several Swedish national registries such as the National Cancer Register, the Hospital Discharge Register, the Cause of Death Register, the consecutive Swedish Censuses during , and the National Register of Emigration by using the Swedish 10-digit personal identity number to provide information on socioeconomic status (SES), vital status, cancer diagnosis, and emigration. This linkage of national registers to the CALAB database is called the Apolipoprotein MOrtality RISk (AMORIS) study and it has been described in detail elsewhere (13) (14) (15) (16) (17) (18) (19) . This study complied with the Declaration of Helsinki, and the Ethics Review Board of the Karolinska Institutet approved the study.
For the analysis of 1 measurement of CRP and cancer risk, we used all 102,749 persons aged 20 years or older whose levels of CRP and leukocytes were measured at baseline and who did not die or were not diagnosed with cancer within 3 months after their measurement. Follow-up started at time of measurement. For the repeated measurement analysis, we used a subcohort of all 9,273 persons aged 20 years or older whose levels of CRP and leukocytes were measured 3 times within a time frame of 5 years and with a minimum of 9 months between each measurement. These restrictions were set to avoid confounding by indication (e.g., if an infection was found at the first measurement, people might have had repeated measurements taken within the next few months). Follow-up started at time of the third measurement. Nobody in either cohort was diagnosed with benign neoplasms or cancer before the last measurement. In each cohort, follow-up time ended at time of event (i.e., cancer diagnosis), death from any cause, emigration, or end of follow-up (December 31, 2002), whichever occurred first.
The following information was obtained from the CALAB database: CRP (mg/L), leukocytes (10 9 /L), age at measurement, and gender. All other information was retrieved from the national registries. SES was obtained from the censuses and is based on occupational groups and allows classification of gainfully employed subjects into manual workers and nonmanual employees, designated as blue-collar and whitecollar workers in the following text (20) . The quantitative determination of CRP was done with an established turbidimetric assay (reagents from Orion Diagnostics), using fully automated multichannel analyzers (an AutoChemist-PRISMA and DAX 96; Technicon Instruments Corporation). High sensitive CRP was not available at any time of the period of blood sampling collection (1985-1996; ref. 21) . Leukocytes were counted with routinely used hematology analyzers (Coulter STKS Hematology System; Coulter Corporation). Total imprecision calculated by the coefficient of variation was less than 2.7% at leukocytes level 10 Â 10 9 /L and 12% at CRP level 40 mg/L. All methods were fully automated with automatic calibration and accredited laboratory facilities (14) . (22) . Moreover, an inflammation-based predictive score (IPS) was devised on the basis of levels of CRP and leukocytes to take into account the variability of the acute-phase protein CRP. Study subjects were given a score of 1 when they had abnormal values of both CRP and leukocytes according to their clinical cutoffs (CRP > 10 mg/L and leukocytes >10 Â 10 9 /L; refs. 22, 23) and a score of zero otherwise. A stratified analysis was conducted by gender and history of circulatory disease. The 5 most common cancers among Swedish men (prostate, lung, colon, bladder, and other skin cancers) and women (breast, colon, cervix, lung, and melanoma) were studied separately (24) . To assess the effect of reverse causation, 3 sensitivity analyses were conducted in which all persons with follow-up time less than 3, 5, and 7 years were excluded (n ¼ 3,459, 6,173, and 20,398, respectively). Because no information on smoking (a possible confounder for the association between inflammation and cancer) was available in the current study, another sensitivity analysis was conducted in which all smoking-related cancers (lung, bladder, and head and neck: ICD-7, 162, 163, 181, 140-149) were excluded (n ¼ 939).
Data analysis for the cohort with 3 measurements of CRP and leukocytes
To take into account the 3 repeated measurements and the variability of the acute-phase protein CRP, we developed a repeated score for CRP and leukocytes, according to their clinical cutoff, and IPS (CRP r , leukocytes r , and IPS r , respectively). The 3 repeated scores ranged from 0 to 3 and were calculated by adding the score of each repeated measurement. The same multivariate Cox proportional hazards regression analysis as conducted for single measurements was used to investigate CRP r , leukocytes r , and IPS r in relation to cancer risk. The adjustment for age was based on age at time of the third measurement. To assess the effect of reverse causation, a sensitivity analysis was conducted in which all persons with follow-up time of less than 1 year were excluded (n ¼ 219). Because of the smaller sample size of this cohort, a shorter exclusion time than that for the cohort with 1 measurement was chosen. Moreover, at time of the third measurement, everyone had been free of cancer for at least 18 months since the first measurement. A similar sensitivity analysis excluding smoking-related cancers was conducted to assess the possible effects of smoking.
All analyses were conducted with Statistical Analysis Systems (SAS) release 9.1.3 (SAS Institute).
Results
Results for the cohort with 1 measurement of CRP and leukocytes A total of 13,631 persons (14.22%) had high levels of CRP (>10 mg/L) in the group free of cancer compared with 1,368 persons (19.79%) in the group who developed cancer during follow-up, whereas a total of 5,452 persons (5.69%) had high levels of leukocytes (>10 Â 10 9 /L) in the group free of cancer compared with 519 persons (7.51%) in the group who developed cancer during follow-up. Participant characteristics are shown in Table 1 .
Multivariate adjusted HRs for incident cancer showed an increased incidence by CRP categories of more than 15 mg/L, with the lowest category being the reference: 1.28 (1.11-1.47), 1.27 (1.09-1.49), and 1.22 (1.01-1.48) for the third to fifth categories, respectively (P trend < 0.001). Excluding those with follow-up time of less than 3, 5, or 7 years resulted in null findings. Compared with the overall results, excluding smoking-related cancers resulted in slightly attenuated HR for the association between CRP and cancer risk. The association between leukocytes and cancer turned out to be slightly stronger and showed statistically significant findings for the log transformation and the quartiles and the clinical cutoff of leukocytes [e.g., HR for log unit increase in leukocytes: 1.47 (95% CI: 1.34-1.61)]. Sensitivity analyses did not alter the association between leukocytes and cancer; however, the strength of the associations attenuated [e.g., HR for log unit increase in leukocytes when excluding smoking-related cancers: 1.29 (1.18-1.42)]. The IPS score was statistically significantly associated with risk of developing cancer for the main analysis and the sensitivity analyses (Table 2) .
A stratified analysis showed no clear differences in HRs by gender or history of circulatory disease (results not shown). A cancer site-specific analysis for the 5 most common Swedish male and female cancers showed only statistically significant findings for CRP and incident male lung cancer: 1.20 (1.00-1.44), 2.02 (1.48-2.77), 2.09 (1.47-2.99), and 1.58 (0.96-2.99) for the second to fifth categories, respectively (P trend < 0.001; Table 3 ). The same observation was made when the clinical cutoff of CRP was used (HR: 1.75; 95% CI: 1.43-2.14). Adjustment for respiratory disease (ICD-10: J00-J99), as a proxy for smoking, did not alter these findings (results not shown). Leukocytes and IPS were also positively associated with male lung cancer risk; moreover, the association was also observed for female lung cancer (e.g., HR: 2.82; 95% CI: 1.39-5.71 for IPS ¼ 1; Table 3 ). Finally, a difference in risk for developing colon cancer was observed between men and women. When further investigating this risk by gender in stratified analyses of inflammatory markers, we did not find any significant differences (results not shown).
Results for the cohort with 3 measurements of CRP and leukocytes
A total of 875 persons developed cancer during followup. A larger proportion of persons with a diagnosis of (Table 5) .
Discussion
In the present study, we found evidence for an association between elevated levels of CRP and leukocytes and risk of developing cancer overall. Specifically, a single measurement of CRP or leukocytes was associated with an increased risk for developing lung cancer. Combining CRP with leukocytes or using repeated measurements of CRP and leukocytes strengthened the association with overall cancer risk, even after excluding those with a smoking-related cancer or those with a short follow-up.
Inflammation and cancer
The hypothesis that a causal link between chronic inflammation and cancer exists has been studied for several decades, but the precise underlying molecular and cellular mechanisms causing cancer and stimulating tumor growth remain unresolved (9, 25) . Experimental studies have shown that tumor cells produce various cytokines and attract a diverse leukocyte population that is capable of producing different mediators of cell killing such as TNF-a, interleukins (IL), and interferons (9). This is, for instance, shown in mouse models in which growing intestinal tumor burden coincided with significantly increased levels of inflammatory cytokines IL-9, IL-6, and IL-17 (25) . IL-6 is a strong inducer of acute-phase response, which can result in elevation of acute-phase proteins such as CRP. It has been speculated that CRP may have significant proinflammatory effects because of its capacity to activate the complement in order to exacerbate tissue infection. However, an occasional high CRP value can also relate to minor and subclinical infections, inflammation, or trauma whereas a moderately increased CRP value may reflect subclinical pathologies (10) . The plasma half-life of CRP is about 19 hours and is constant under all conditions of health and disease so that circulating CRP concentration directly reflects the intensity of the pathologic process stimulating CRP production. When the stimulus for increased production ceases, the circulating CRP concentration also decreases rapidly (10) . Leukocytes, on the other hand, have often been studied as markers of systematic inflammation in the context of cancer survival (22) . Following an increasing number of experimental studies suggesting a link between inflammation and cancer, more observational studies have been conducted to look at a link between markers of inflammation, such as CRP and leukocytes, and risk of developing cancer. The most recent observational study on CRP and cancer risk focused on lung cancer in a nested case-control study of 592 lung cancer patients and 670 controls matched on age, sex, entry year, follow-up time, and smoking. Comparing the fourth quartile (!5.6 mg/L) with the first quartile (<1.0 mg/L) resulted in a significant positive association between elevated CRP levels and risk of developing lung cancer (26) . This association between CRP and lung cancer was also observed in the largest published observational study on CRP and incident cancer. In this Danish prospective cohort of 10,408 individuals, baseline CRP level of greater than 3 mg/ L versus less than 1 mg/L was associated with multivariate smoking adjusted HRs of 1.3 for overall cancer and 2.2 for lung cancer (4). In another prospective cohort study of 4,831 participants, it was found that those with leukocyte counts in the upper tertile were 2.81 times more likely to develop lung cancer than those with counts in the lowest tertile (12) . Despite these findings, a meta-analysis carried out by Heikill€ a and colleagues showed that several studies did not find any association between elevated CRP levels and incident cancer and suggested that reverse causation might bias the observed associations (1). Our study in AMORIS is probably the first study that is large enough to exclude a sufficiently long period of early follow-up without losing statistical power. One measurement of CRP and leukocytes Our study results confirm that reverse causation can affect the association between CRP and incident cancer: excluding those with less than 3 years of follow-up resulted in null findings. However, a weak association was still apparent when using the clinical cutoff of CRP, suggesting that those with CRP level of more than 10 mg/ L are indeed at increased risk for developing cancer. As we used non-hsCRP, we could not specify strata of less than 10 mg/L. Despite the association between dichotomized CRP and cancer, male lung cancer was the only neoplasm for which we could observe a strong association with increasing levels of CRP. These findings are consistent with what has been shown previously in Dutch and Danish prospective cohort studies (2, 4) . In contrast to these studies, we did not use hsCRP measurements. Smoking may drive the association with male lung cancer. However, adjustment for lung disease (ICD-10: J00-J99), as a proxy for smoking, did not alter the findings. Our sensitivity analysis in which we excluded smokingrelated cancer attenuated the associations, but despite the strong link observed with lung cancer, as shown in Table 3 , a weak association remained between inflammatory markers and overall cancer risk. This suggests an association between inflammation and cancer over and above the influence of smoking habits. Despite the positive findings in several other studies for elevated levels of CRP and risk of developing colon and stomach cancer, our findings in the AMORIS study found only an association between log(leukocytes) and male and female colon cancer risk (2, 3, 27) . Combining men and women or combining stomach and colon cancer did not alter the findings.
Even though the association between CRP and incident cancer was rather weak, a combination with leukocytes resulted in a statistically significant positive finding that remained in the sensitivity analyses. By using leukocytes as another marker to indicate systemic inflammation, we tried to exclude elevated CRP levels due to acute infections. From our findings, it can be seen that defining those with elevated CRP and elevated leukocyte levels as the risk group is more predictive for cancer risk than for only CRP levels. Nevertheless, the small increase in HRs suggests that levels of CRP and leukocytes are more interesting in the context of cancer etiology rather than for clinical use in cancer risk prediction.
Three measurements of CRP and leukocytes
The HR for IPS of 1.37, when using 1 measurement, became much stronger when using 3 repeated measurements of IPS (HR: 4.46). It can be observed from our findings that the association with cancer became stronger for both CRP r and leukocytes r and also for IPS r . By choosing a minimum interval time of 9 months between measurements, we excluded those who had a strong indication of infection at the time of their first measurement and likely oversampled those who are more health conscious and go for annual checkups. Because we do not know how the association between markers of inflammation and cancer risk differs between those who are healthy and those who are burdened with more comorbidities, we cannot know how the oversampling is affecting our results. From the sensitivity analyses, one can see that part of the association between CRP, leukocytes, and cancer risk is driven by smoking-related cancers. Nevertheless, after excluding these smoking-related cancers, the statistically significant trends remained for repeated CRP, leukocytes, and IPS.
Strengths and limitations
The major strength of this analysis lies in the large number of persons with prospective measurements of CRP and leukocytes in AMORIS, all measured at the same clinical laboratory. Use of national health registers provided complete follow-up for each person and detailed information on cancer diagnosis, time of death, and emigration. Furthermore, assessment of both exposures (CRP and leukocytes measurement) and outcome (cancer) were conducted in an accurate manner. In addition, we were able to take into account withinperson variation because CRP was measured 3 times in a cohort of 9,273 persons. The AMORIS population was selected by analyzing blood samples from health checkups in nonhospitalized individuals. During the study period, the all-cause mortality was about 14% lower in the AMORIS population than in the general population of Stockholm County when taking age, gender, and calendar year into account (28) . This healthy cohort effect does not affect the internal validity of our study and it is also likely to be minor because it has been shown that the AMORIS cohort is similar to the general working population of Stockholm County in terms of SES and ethnicity. A limitation of this study is that information on other commonly measured markers for inflammation such as hsCRP or IL-6 was not available; moreover, CRP and leukocytes are nonspecific markers of inflammation. In the AMORIS study, it was not possible to study hsCRP because at the time of blood sampling and analysis (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) , assay methods for plasma proteins had limited sensitivity so that CRP concentrations of less than 10 mg/L could not be measured precisely [i.e., non-high sensitivity CRP (non-hsCRP)] and the cutoff of 10 mg/L was widely accepted as the upper limit of the health-associated reference range (29) . To our knowledge, no study has investigated the effect of using hsCRP instead of non-hsCRP in the context of inflammation and cancer risk, but it is likely that low-grade inflammation is not captured by using this cutoff, resulting in an underestimation of the association between CRP and cancer.
However, the cutoff value of 10 mg/L is thought to be satisfactory for the purpose of medical events such as ischemic necrosis (29) and has been used in several other studies looking into the association between CRP and cancer diagnosis and prognosis (30, 31) . Furthermore, we did not have information on other possible confounders such as smoking habits or obesity. By excluding smoking-related cancers, our sensitivity analysis addressed this limitation and showed that there was still an association between inflammation and cancer. Obesity is associated with a state of lowgrade chronic inflammation, characterized by infiltrating macrophages within adipose tissue and elevated concentrations of proinflammatory molecules (32, 33) . To date, it is unclear whether inflammation is an intermediate on the pathway between obesity and cancer or whether obesity is confounding the association between inflammation and cancer. As our study focused on the association between inflammation as a marker of any disease or abnormality, we believe that residual confounding due to lack of information on body mass index is minor. Finally, no information was available on tumor stage and CRP genotypes (34) .
Conclusions
By replicating our findings for 1 measurement of CRP and leukocytes in a cohort with 3 repeated measurements of CRP and leukocytes and by assessing reverse causality in a very large prospective cohort study, our findings provide additional evidence for a link between markers of inflammation and cancer risk. As this link is not yet well understood, the current observations call for experimental studies assessing the association between markers of inflammation and the processes they are reflecting in the context of cancer development.
